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We experimentally study the ghost critical field (GCF), a magnetic field scale for the suppression of 
superconducting fluctuations, using Hall effect and magnetoresistance measurements on a disordered 
superconducting thin film near its transition temperature Tc- We observe an increase in the Hall 
effect with a maximum in field that tracks the upper critical field below Tc, vanishes near Tc, and 
returns to higher fields above Tc. Such a maximum has been observed in studies of the Nernst 
effect and identified as the GCF. Magnetoresistance measurements near Tc indicate quenching of 
superconducting fluctuations, agree with established theoretical descriptions, and allow us to extract 
the GCF and other parameters. Above Tc the Hall peak held is quantitatively distinct from the GCF, 
and we contrast this finding with ongoing studies of the Nernst effect and SCF in unconventional 
and thin-film superconductors. 



The ghost critical field (GCF) is a magnetic field scale 
for the suppression of fluctuations in a superconductor 
above its transition temperature T^, analagous to the 
upper critical field i?c2 below Tc. The GCF was first 
observed by Kapitulnik et al, [T] who analyzed magne- 
toconductance measurements of the disordered supercon- 
ductor NbGe and identified a magnetic field Bgcf i increas- 
ing with temperature above Tc, where superconducting 
fluctuations (SCF) begin to show field dependence. Such 
a field should correspond to the coherence length ^* for 
SCF, just as the upper critical field Bc2 depends on the 
coherence length ^ below Tc through Bc2— where 
(/)o is the flux quantum. In contrast to Bc2, which sep- 
arates distinct superconducting and normal states, the 
GCF represents a crossover field between regions of field- 
independent and suppressed SCF. Careful description of 
the GCF is vital to understand the nature of high- Tc 
and unconventional superconductors, where there is in- 
complete understanding of the normal state, fluctuation 
effects, and possible competing ground states. 

Since the work of Ref. [TJ the GCF has been tenta- 
tively identified and investigated in superconductors us- 
ing a variety of transport techniques. Many studies us- 
ing magnetoresistance (MR) measurements have quanti- 
tatively identified the GCF in both high- Tc [2; and con- 
ventional [31 superconductors. More recently, the Nernst 
effect has become a common probe of SCF, and has been 
used to observe amplitude fluctuations over a broad range 
of temperatures above Tc in NbSi [H [5] , a crossover be- 
tween amplitude and phase fluctuations in InOx [B] , and 
claims in high- Tc compounds of vortex physics above 
Tc [7j and competing order leading to reductions of Tc 
and Bc2 [S] • Several of these studies revealed a peak in 
the Nernst effect in both high- Tc [8j and conventional 
thin film f^,^ superconductors; this peak was associated 
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FIG. 1. (Color online) Upper panel: characteristic magnetic 
fields versus temperature for a superconducting TaN film, show- 
ing the Hall eflect peak field B* , the upper critical field Bc2, and 
-Bgcf, the characteristic field for superconducting fluctuations. Full 
(dashed) lines show the predicted critical fields below (above) Tc. 
Lower panel: the resistive superconducting transition over the same 
temperature range. R^x falls to at Tc ~ 2.75 K, where both Bgcl 
and Bc2 also vanish. 



with the GCF. However, no study has observed this fea- 
ture and made a quantitative comparison with the GCF 
as determined from the fluctuation magnetoconductance. 

In this letter, we study the Hall effect in an amorphous 
superconducting film and observe a temperature depen- 
dent peak very similar to that seen in Nernst effect mea- 
surements. This Hall effect peak, ocurring at a magnetic 
field B* , tracks Bc2 below Tc and appears comparable 
to Bscf above Tc. However, quantitative analysis of MR 
measurements allows us to extract Bsd, and we show 
that B* is distinct from the GCF above Tc. Our mea- 



2 



surements of Bgct are also consistent with the expected 
magnitudes of ^ and ^* near Tc- 

In the Ginzburg-Landau (GL) region near Tc, i?c2 
should increase linearly with decreasing temperature 
with a slope S'_ = |^ . At Tc -Bc2-5> and ^ diverges, 
and above Tc ^* should increase linearly with increasing 
temperature, mirroring ^. i^* represents the characteris- 
tic size of superconducting fluctuations and is expected 
to be a factor of -\/2 larger than [9] We therefore ex- 
pect that the slope of critical field for SCF above Tc, S+, 
to be a factor of 2 smaller than S- . 

We have tested this prediction by studying the GCF 
in a disordered thin film superconductor. We find a 
MR consistent with the suppression of SCF; quantitative 
analysis of these data are in excellent agreement with 
established theory for SCF conductivity corrections and 
allow extraction of the dephasing time and the ghost 
critical field i?scf- The GCF is consistent with GL theory 
scaling for ^ above and below Tc, saturates at high tem- 
peratures T3>T'c, and is distinct from the Hall effect peak 
field B* . The observed peak in Hall effect at a field B* 
is indicative of a crossover from vortex to SCF physics at 
temperatures below Tc, and a field scale for suppression 
of SCFs above Tc. The Hall peak field B* vanishes at a 
temperature T* < Tc, consistent with strong inhomoge- 
niety effects already noted in this film. [TU] 

We study a 4.9 nm thick disordered TaN film described 
in detail in previous work. |10| Hall measurements indi- 
cate a metallic n-type carrier density 8x10^^ cm~^. The 
normal state sheet resistance at 20 K is i?"^ = 0.94 kil/O. 
The lower panel of Fig.[l]shows the superconducting tran- 
sition with Tc w 2.75 K; the rounding of the transition 
above Tc is due to enhancement of the conductance from 
superconducting fluctuations. The upper panel of Fig. [l] 
summarizes the main result of this work, showing the 
magnetic fleld scales associated with the peak in the Hall 
effect B* , Bc2, and the characteristic field for SCF Bgd, 
extracted from analysis of the fluctuation magnetocon- 
ductance. Each of these quantities, as well as theoretical 
predictions for Bc2 and -Bscf [5] shown as continuous 
and broken curves in Fig. [l] are explained below. 

Figure [2] shows the measured longitudinal (Rxx) and 
Hall (Rxy) resistances at temperatures above, near, and 
below Tc- (For clarity, only R^y data measured at T < Tc 
are shown in this figure.) Above Tc Rxx is weakly tem- 
perature and field dependent; the magnitude and form of 
the MR are consistent with weak antilocalization conduc- 
tivity corrections, and (approaching Tc) additional con- 
tributions from SCF. Well below Tc Rxx is within the 
superconducting state, followed by a sharp upturn just 
below Bc2 and saturation in the high field limit. We ex- 
tract Bc2 as the midpoint of these field-tuned resistive 
transitions, yielding -Bc2(0) ^ 4 T and a zero- field Tc 
w 2.75 K, comparable to that determined from analy- 
sis of the fluctuation conductivity. [TU] These values for 
Bc2 are plotted in Fig. [l] and show good agreement with 



0.15 




FIG. 2. (Color online) The Hall effect Rxy (upper panel) 

and longitudinal resistance Rxx (lower panel) versus magnetic field, 
at temperatures near Tc ~ 2.75 K. Rxy shows a maximum near 
Bc2 for temperatures below Tc, which moves to zero field as the 
temperature approaches Tc- Rxx curves are shown at temperatures 
of 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, 1.7, 2.1, 2.2, 2.3, 2.5, 2.6, 2.8, 3.0, 3.5, 
4.0, 4.2, 5.0, and 6.0 K. 



Werthamer-Helfand-Hohenberg [TT] (WHH) theory for 
the temperature dependence of Bc2 in a disordered su- 
perconductor (plotted as a thick gray line on Fig. [T]) . 

The normal-state quasiparticle contribution to the Hall 
effect R^y is linear in the applied field as expected in a 
disordered, single-band metal such as this TaN film. We 
observe a field-linear Rxy at temperatures well above Tc 
or at the highest fields studied (14 T). Approaching Tc 
from above, Rxy shows a shallow enhancement relative to 
the normal state at intermediate fields that disappears in 
the high field limit. This enhancement has been shown to 
arise from SCF contributions to Rxy [ID] and found to be 
in good agreement with theoretical analysis of Gaussian 
amplitude fluctuation contributions to the Hall conduc- 
tivity. [121 113| The additional contribution to Rxy grows 
larger in magnitude as T —>■ Tc from above, and dis- 
plays a maximum fleld B* that vanishes in this limit. As 
the temperature decreases below Tc the Hall effect peak 
reappears and tracks i?c2 to increasing fields; at these 
temperatures and below B* , Rxy drops quickly to zero. 

In the superconducting state we expect R'^y -> 0, as 
Cooper pairs short out the Hall voltage and (in a nonzero 
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FIG. 3. (Color online) Superconducting contribution to the 
Hall effect ARxy at temperatures below Tc (left panel) and above 
Tc (right panel). The normal state contribution (linear in applied 
field at T 2> Tc) has been subtracted from R^y to obtain h.Rxy\ 
the curves are offset vertically for clarity. A peak in the Hall effect 
at a field B* (indicated by the triangles above each curve) can be 
identified at temperatures above and below Tc- 

magnetic field) vortices are pinned by the strong disor- 
der in the film. As B —^Bc2 from below we expect a 
nonzero i?" , due to vortex motion as well as a crossover 
to the fluctuation regime at and above i?c2- Recent the- 
oretical calculations of SCF contributions to the Hall ef- 
fect [12] predict a peak in the Hall resistance near Tc at 
a field Speak = 1.3 X Bc2- This is in excellent agreement 
with the ratio of slope of the Hall peak field near Tc to 
5_ - 1.27. 

To examine the superconducting contributions to the 
Hall effect, we subtract the normal-state component i?"^ 
from the R^y data as shown in Fig. [2] Below Tc we 
estimate i?"^ = W^jB x The result lS.Rxy = R^y - 

R^y is shown in Fig. [Sj foFT < (T > Tc) in the left 
(right) panels. A enhancement in the Hall effect appears 
at high fields for T > Tc, decreases to near zero field at Tc, 
and returns to high fields at T < Tc. Also shown in Fig. [3] 
is the location of the peak field B* for each curve, which 
tracks Bc2 below Tc, vanishes near Tc, and reappears 
above T^. These B* values are plotted on Fig. [T] All 
of the Hall effect isotherms, above and below Tc, show a 
gradual decay of SCF to fields well above -Bc2(0). The 
peak field B* can be followed to temperatures above 2 x 
Tc and contrasted with Nernst effect measurements on a 
disordered NbSi thin film that showed traces of SCF up 
to 30 X Tc. E5, 

In a superconductor near Tc there may be several 
contributions to electronic transport phenomena arising 
from normal state quasiparticles, amplitude and phase 
fluctuations of the superconducting order parameter, and 
vortex motion. As the temperature is increased from 
in a superconductor under an applied magnetic field. 
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FIG. 4. (Color online) Negative magnetoconductance —AG 
versus field on a log scale at temperatures near (upper panel) 
and well above Tc (lower panel), as well as fits (continuous curves) 
to theories for the magnetic field suppression of superconducting 
fluctuation and weak antilocalization contributions to the conduc- 
tance (see text). The upper panel shows 4.2, 3.5, 3.0, 2.9, and 2.8 
K data, and the lower panel shows 20, 10, 8, 6, 5, 4.2, and 3.5 
K data. The inset shows the 20 K data and fit to only the WAL 
theory. 



three distinct regimes of dissipation leading to a nonzero 
Rxx can be identified: unpinned vortex motion at low 
T, phase fluctuations in the vicinity of the Kosterlitz- 
Thouless transition Tkt |14j . and finally amplitude fluc- 
tuations above the mean-field transition temperature Tc- 
The normal state conductance Gxx of a metallic film due 

2 

to quasiparticles is Gxx ~ ^^^^ , where n is the sheet car- 
rier density and m* the effective mass. Short-lived cooper 
pairs (SCF) can directly increase the conductivity within 
their pairing lifetime, as first calculated by Aslamasov 
and Larkin (AL) [TS], or after they have broken but be- 
fore they lose phase coherence via the Maki- Thompson 
(MT) contribution [TnilTTj. Finally, superconducting vor- 
tices also respond to applied field and temperature gra- 
dients, giving rise to dissipation and entropy transport. 
Since a peak in studies of the Nernst effect with behav- 
ior similar to B* has been identified as the ghost critical 
field Bsci [HI [S] , let us consider the fluctuation regime 
outside of the superconducting state in more detail. 

Description of both on- and off-diagonal transport phe- 
nomena in a fluctuating superconductor is challenging, 
and no complete theory exists for both. SCF contri- 
butions to the diagonal conductivity and magnetocon- 
ductance are well studied |18j and allow for quantitative 
comparison to established theories. To extract Bsd we 
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analyze the MR above Tj.. Figure [4] shows the negative 
magnetoconductance (MC) AG{B), defined as 



- AG{B) = G(0) - G{B) = 



Rxx{B) — Rxx{0) 
Rxx{B)Rxx{0) 



(1) 



as a function of magnetic field (on a log scale) for temper- 
atures near (upper panel) and well above (lower panel) 
Tc] the curves are offset for clarity and the upper and 
lower panels show different vertical scales. At 20 K where 
we expect no traces of superconductivity (bottom curve 
of lower panel, and inset) the MC is positive and consis- 
tent with weak antilocalization (WAL) as expected in a 
film with large average atomic number such as TaN. |19j 
The theory of Hikami, Larkin, and Nagaoka pO] for 
2D quantum interference corrections to the conductance 
AG'^^^{B) in the strong spin-orbit limit is 



AG 



WAL 



1 



2 27r^h 



B^ 
l3 



ln(B/ B^) 



where the only parameter is the characteristic dephasing 
field Bfp. The inset of Figure [4] shows a fit to Eq. [2j with 
an extracted value of the dephasing field of 1.5 T. Taking 
D = 0.5 cm^/s, we estimate — 2.2 x 10^^^ s using i?0= 
^^j^^ ; this value is comparable to the predicted time for 
electron-electron dominated inelastic scattering [21^ of 
T0= 4 X 10"-'^^. The corresponding dephasing length £^ 
is 10 nm, larger than the film thickness and confirming 
that WAL effects are 2D. P2] At lower temperatures, 
SCF effects lead to a larger MC. 

In the fluctuation regime far from Tc, the MT contri- 
bution to the MC [231 [24] has a form similar to Eq. [2] 
above, with only an enhancement in the amplitude that 
can be related to B^ and Bsd [3]- Near Tc the AL con- 
ductivity contribution can also be significant; its sup- 
pression in a magnetic field was studied using several 
formalisms [251 [26]. We fit to the combined AL and MT 
magneto conductances |22j and determine Bsc{ (plotted in 
Fig. [T]) and B^ (shown in the Supplementary Material) 
as a function of temperature. The fits are shown as the 
continuous lines in Fig.[4| and are in excellent agreement 
with the MC above Tc over a wide range of temperatures 
and magnetic fields. 



ior of ^ in further detail. Bc2 and Bsd mirror one another 
above and below Tc- As found previously [TU] the zero- 
temperature coherence length ^(0) is 8.4 nm, making the 
film 2D with respect to superconductivity. Below Tc, Bc2 
and ^ follow the WHH |TT] behavior (the thick gray curve 
in Fig. 1). Above Tc, we expect ^ to be a factor of 
larger than below Tc [5] and therefore B^d to be a factor 
of 2 smaller than Bc2 (thick, dotted gray curve in Fig. 
1). Both Bc2 and JBscf are linear in the vicinity of Tc, and 
their linear slopes (1.8 and 1.0) near Tc are comparable 
to this factor of 2. While i?scf and i?c2 vanish at 2.75 
K, this is somewhat above the temperature T* where the 



peak in the Hall effect decreases to zero field. However, 
we have already seen indications of strong inhomogene- 
ity effects in this film [10], and while Rxx may decrease 
to zero at the point where a percolation path emerges, 
the Hall effect should be sensitive to global superconduc- 
tivity occurring through the film. (We also expect a 2D 
film with Rxx ~ 1 kn to show a KTB vortex unbinding 
temperature Tbkt that is 0.1 K below Tc ^7\, but this 
is somewhat less than the observed separation between 
Tc and T*.) 

Recent studies of the Nernst effect in low-T^ [5] [3] and 
high-Tc [8j superconductors have associated a peak in 
the Nernst signal with the GCF. While the Nernst effect 
may be sensitive to both amplitude and phase fluctua- 
tion effects, it is argued to be sensitive to the presence 
of vortex-like excitations in the fluctuation regime [7] or 
vortex motion within the superconducting state |28j . In 
particular, several Nernst studies observe a peak field 
B* comparable to or larger than Bc2 in the vicinity of 
Tc- This is consistent with theoretical predictions for the 
Hall effect [I2j and with our findings, however it is incon- 
sistent with the GL theory scaling for ^ above and below 
Tc that should relate Bc2 and the GCF. [5] Consequently, 
we observe that the crossover field observed in the Nernst 
studies may represent a different characteristic field scale 
than the GCF as first described by Kapitulnik et al. [1] 
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Supplementary material for: "Observation of 
the ghost critical field for superconducting 
fluctuations in a disordered TaN thin film" 

Magnetoconductance of a disordered thin film 

The electrical conductance Gxx of a disordered metal 
film in the presence of superconducting fluctuations 
(SCF) and weak antilocalization (WAL) corrections can 
be written as 

Gxx{B) = G'' + l^G^^{B,T) + I^G^^^{B,T) (SI) 

where G" is the normal-state Drude conductance, and 
the remaining two terms arise from superconductivity 
and disorder-induced localization. (We ignore the clas- 
sical magnetoconductance (MC) AG /Go ^ {ujcnr)^, 
where ujc is the cyclotron frequency and Ttr the transport 

at a 



scattering time, since we estimate (uj^TtrY 



10- 



field of 1 T.) The SCF and WAL corrections in Eq. [SI 
take on simple forms when the system of interest is 2D 
and have been studied extensively. [Sl-S3,18] 

The MC due to WAL can be expressed as a func- 
tion of several characteristic scattering times, [20] and 
reduces to a simple form for our TaN system. The 
elastic (rg), spin-orbit (t^o), and dephasing (t^) scat- 
tering times correspond to characteristic magnetic fields 
through Bx = -rfi^- With - 10^ T as deter- 
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-16 



mined from the transport scattering time Ttr 
we estimate Bso ~ 10'^ for interfacial spin-orbit scat- 
tering. [S4,S5] Since these characteristic fields are much 
larger than our experimentally accessible range (B ~ 10 
T) we consider only the limit B ^ Be, -Bso- In this case 
the MC is negative and the only parameter is the depahs- 
ing field B^ 



AG^^{B) = 



1 

2 2ii^h^ 



-Y 



B 

Brh 



where the function Y(x) is given by 

1 1 



Y{x) = ln(x) + V' U + 



(S2) 



(S3) 



Near a superconducting transition, short-lived SCF 
provide a parallel conducting channel to the classi- 
cal Drude conductance and thereby reduce R^x above 
Tc- The Aslamasov-Larkin [15] (AL) contribution to 
the conductance arises from direct acceleration of tran- 
sient Cooper pairs. Quasiparticles from recently de- 
cayed Cooper pais can also enhance the conductance 
while they retain phase coherence; this is the Maki- 
Thompson [16,17] (MT) contribution. Both of these fluc- 
tuation effects are sensitive to applied magnetic fields, 
leading to two SCF contributions to the MC. 

Suppression of the AL conductance channel leads to a 
negative MC and was calculated by Abrahams, Prange, 
and Stephen [25] using time dependent Ginzburg- 
Launday theory and by Redi [26] from microscopic con- 
siderations 



AG^^(B) 



16he 



{8z^A{z) - 1) 



(S4) 



Here e(T) = In (^^^ ; the function A(z) is given by 



Aiz) 



(S5) 



and z = Bsci/B, B^d is the characteristic SCF field dis- 
cussed in the main text. The AL contribution to the 
conductivity is dominant close to {InT/Tc <C 1), 
while farther above Tc the MT channel can be signifi- 
cant. Larkin [23] noticed that the MC due to suppression 
of the MT term has an identical form as that for weak lo- 
calization in the presence of strong spin-orbit scattering 
(Eq. S2|, with a different prefactor /^^ 



AG---^(B) = -/3,^r 



B 

Brh 



(S6) 



Larkin found that /3l diverges at Tc, and in the limit 
of temperatures close to Tc, ^ 7''^/(41nT/Tc), while 
well above Tc h ~ ir'^/iGlnT/Tc^). Lopes dos Santos 
and Abrahams [24] extended the validity of Larkin's ex- 
pression 



AG 



MT-LdS 



hds + 



Bcf, 
l3 



Bsc! 

~B~ 



hiBs. 
B 



(S7) 



where the new parameter ^Lds = 7''^/4(lnT/rc — S) re- 
places the prefactor /3i in Eq. [S6] and S is the cutoff 
parameter determined by t^. Note that S can be defined 



in terms of i?^ and i?scf through 
. B, 



-Bscf 



\nT/Tc 



(S8) 



The combined effects of WAL, AL fluctuations, and MT 
fluctuations are included within Eqs. S4j S7 and S8 
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FIG. SI. Magnetoresistance {Rxx{B) — Rxx{0))/ Rxx{0) versus 
applied field H for a superconducting TaN film at temperatures 
above Tc- The lower panel shows temperatures T ^ Tc (20, 10, 8, 
6, 5, 4.2 K), and the upper panel shows T ^ (4.2, 3.5, 3.0, 2.9, 
2.8 K) with an enlarged vertical scale. 



Magnetoresistance data and fitting results 

Figure [ST] shows the measured magnetoresistance 
AR/R = {R{B) - R{0))/R{0) versus applied magnetic 
field at temperatures well above Tc (lower panel) and 
near (upper panel). The MC was calculated using 
Eq. 1 from the main text and is shown in the main panel 
of (main text) Fig. 4. At 20 K the magnitude and form 
of the MC is consistent with a single contribution due 



to WAL (Eq. S2), as shown in the inset of (main text) 
Fig. 4. The extracted depahsing field at 20 K is 1.5 
T, corresponding to a dephasing length = 10 nm. 

At temperatures below 20 K, the MC data show addi- 
tional contributions due to SCF. We fit these traces to 
Equations [S4] and [ST) which include both SCF and WAL 
effects and require only two free parameters: B^ and 
Bsci- Note we fix Tc = 2.75 K, and use the explicit defi- 
nitions for /3LdS and S above. Figure [S2| shows MC data 
(black) and typical fitting results (red curves) on both 
logarithmic (left) and linear (right) field scales for two 
temperatures, 6 K and 3 K. The uncertainty in the best 
fit parameters is illustrated by the multiple red curves 



in Fig. S2 and was estimated by fitting the data only 
up to maximum fields of 1, 2, 4, and 8 T. These best-fit 
curves show excellent agreement at low fields for all data 
sets, and only modest deviations at high fields, near 
(3 K) and above 2 xT^ (6 K). The collected MC data and 
fits are presented in Fig. 4 in the main text, and show 
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FIG. S2. Magnetoconductance data for TaN film, along with fits 
(red curves) to the combined theories of weak antilocalization and 
superconducting fluctuations. The upper panels show 6 K results 
on logarithmic (left) and linear (right) magnetic field scales; the 
lower panels show similar plots for 3 K data. 



excellent agreement with the experimental data over all 
temperatures and magnetic field scales. 

The best-fit results for Bgcf are discussed in the main 
text. Figure S3 shows the best fit values of B^ as a 
function of temperature. Far above B^ increases with 



temperature, as expected for dephasing arising from T- 
dependent electron-electron and electron-phonon scatter- 
ing processes. [S6] For this class of disordered film, at 
sufficiently low T the dephasing should be dominated by 
electron-electron scattering with a scattering rate pro- 
portional to Rxx and given by [21] 



Rx 



■KksT 



In 



(S9) 



Using this expression we estimate the electron-electron 
scattering contribution to B^ at low temperatures; this 
estimate is plotted as the solid curve in Fig. |S3| With 
increasing temperatures we expect electron-phonon scat- 
tering to become the dominant dephasing process, lead- 
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FIG. S3. Dephasing field extracted from our analysis of 
low-temperature magnetoconductance measurements. The dotted 
line indicates Tc, and the solid curve is an estimate for T-linear 
dephasing due to electron-electron scattering from the theory of 
Altshuler, Aronov, and Khmelnitski (AAK). [21] 
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ing to a stronger than T-lincar temperature dependence. 

shows a smah upturn very close to T^; this result 
is sensitive to the analysis procedure used and will be 
examined carefully in future work. [S7] 

Sample dimensionality 

The 2D nature of SCF in this film have been consid- 
ered previously. [10] The dimensionality for antilocaliza- 
tion is determined by the dephasing length l^, related to 
the phase breaking time through = -^/Dt^. The 
phase breaking rate is determined by both inelastic Tj and 
temperature-independent processes such as boundary or 
spin-flip Tg scattering: t^^ = ^ ^r^"^. Inelastic scat- 
tering is typically dominated by electron-phonon scatter- 
ing at high temperature and electron-electron scattering 
at lower temperatures [S6]. Since generally increases 
with decreasing temperature, grows longer as the tem- 
perature is reduced and 2D behavior should emerge for 
sufficiently low T. Based on the value of £^ = 10 nm at 
20 K determined from WAL MC fits, we conclude that 
this film is 2D with respect to WAL at and below 20 K. 

For sufficiently large magnetic fields the characteris- 
tic magnetic length is = ^/h/ieB will be smaller than 
the film thickness and thus lead to behavior that is not 
strictly 2D. However, the magnetic length is equal to our 
~ 5 nm film thickness at ~ 7 T; this is comparable to 



the maximum magnetic fields used in most of this work 
(8 - 9 T). Finally, the mean free path £ ~ 0.1 nm is much 
less than the film thicknesss, and so the classical difl[usive 
electronic motion is 3D. 
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